Abstract: Luminescent solar concentrators would allow for high concentration if losses by reabsorption and escape could be minimized. We introduce a phosphor with close-to-optimal luminescent properties and hardly any reabsorption. A problem for use in a luminescent concentrator is the large scattering of this material; we discuss possible solutions for this. Furthermore, the use of broad-band cholesteric filters to prevent escape of luminescent radiation from this phosphor is investigated both experimentally and using simulations. Simulations are also used to predict the ultimate performance of luminescent concentrators. 
Introduction
In light-guide based solar-concentrator systems, sunlight is coupled into a plate and then guided towards small photovoltaic cells by total internal reflection (TIR). Such devices are attractive, since they are inexpensive and thin and can be easily integrated in appliances. There are several ways to couple sunlight into a light guide [1] : non-luminescent (scattering, refraction or diffraction [2] ) and luminescent. Non-luminescent concentrators suffer from limitations given by conservation of étendue [3] . In the case of diffuse light and/or nontracking systems, the maximum attainable concentration equals n 2 , where n is the refractive index of the light-guide material. In the case of direct sunlight, only a limited angular part of the sky has to be covered and the attainable concentration will be higher [4, 5] .
Luminescent solar concentrators (LSCs) [6, 7] do not suffer from this limitation. In an LSC, incident short-wavelength light is converted by a luminescent material into longerwavelength light, which is guided towards the photovoltaic cells. If the energy difference between the incident short-wavelength and emitted long-wavelength light is ∆E = E in -E out , the maximum attainable concentration equals n 2 (E out / E in ) 2 exp(∆E/kT), where T is the temperature of the concentrator [1, 8] . The heat ∆E generated in the luminescence process can be exploited to lower the entropy of the light by an amount ∆E/T, concentrating the light.
The underlying concept of the device can be understood by comparing a scattering and a luminescent concentrator, as shown in Fig. 1 (where, in all cases, a perfect mirror at the bottom of the device is assumed to prevent light escaping from the bottom). In the scattering concentrator of Fig. 1(a) , the incident light is scattered by a scattering layer. Part of the scattered light escapes, but a substantial part will stay in the light guide. However, if the light guide is long, this light will reencounter the scattering layer and has a significant chance to escape. For this reason, the attainable concentration of a scattering concentrator is limited. In the luminescent concentrator of Fig. 1(b) , the incident light is absorbed by the luminescent layer and converted into light of longer wavelength. Part of this luminescent light escapes the surfaces (unless additional measures are taken), but a substantial part will stay in the light guide. If the light reencounters the luminescent layer, it will continue to travel unimpeded, provided that the luminescent layer neither scatters the light nor reabsorbs it. In this case, the attainable concentration is high. If the luminescent layer is not perfect, it may have a certain amount of scattering and/or it may reabsorb the luminescent light, part of which may be subsequently reemitted, Fig. 1(c) . One can improve upon the devices shown in Figs. 1(b) and 1(c), if the escaping luminescent light can be redirected into to the light guide. This can be achieved by applying a suitable wavelength-selective filter, which reflects the luminescent light but not the incident light that could be absorbed, Fig. 1(d) . Note that such a filter would also work in the case of a reemitting or scattering luminescent layer. With a perfect wavelength-selective filter, in principle a very high concentration (of several thousands) can conceivably be achieved [9] . Another way to reduce escape losses, which we will not discuss further, is the use of directional emission by the luminescent material [10] . Considering the preceding discussion, the major challenges for designing an efficient LSC can be elucidated. First, a good luminescent material is needed. Apart from the normal requirements, such as good absorption and high quantum efficiency (QE), the luminescent material should also have low reabsorption. Even with a high QE, reabsorption and subsequent reemission (taking place in all directions) would result in escape of luminescent light. In Section 2, we will introduce a new luminescent material, an inorganic phosphor, which outperforms previous materials in this respect. A next requirement for an LSC is that the luminescent material should be applied in such a way that it does not scatter. This is not trivial for inorganic phosphors and in Section 3 this will be discussed further. Furthermore, it will be interesting to have good wavelength-selective filters for LSCs. Cholesteric liquid crystals are very well suited for this [11, 12] , as will be discussed in Section 4. If perfect filters were available, scatter and reemission would not be a problem. However, there are both theoretical and practical limits to what can be achieved in this respect. In a previous paper [13] , we discussed how simulations help to find the required filter properties for absorption and reemission. In Section 5, we will present new results of simulations that show the influence of scatter and reabsorption, as well as what can be achieved by applying filters. In Section 6, we will conclude with the prospects for LSC technology.
New phosphor for LSC
The main drawbacks of luminescent materials that are being investigated for LSCs, including organic dyes [14] and quantum dots [15] is that they suffer from reabsorption as a result of significant overlap between their absorption and emission spectra. In this respect, rare-earth compounds are more promising, since in general they have large shifts between absorption and emission, whereas optical absorption between 4f levels is forbidden. However, both the inorganic phosphors [16] and the organo-metallic rare-earth complexes [14] investigated to date only absorb a limited part of the solar spectrum. If considering the optimal phosphor properties, one has to realize that these will be a compromise, since small reabsorption implies a large spectral shift between absorption and emission, which means that the absorption spectrum cannot extend too far into long wavelengths. Furthermore, if the light guide is made from a common polymer like polymethylmethacrylate (PMMA) or polycarbonate, one must take into account that these materials demonstrate strong absorption [17] above 850 nm due to C-H vibrational overtones. Hence, the optimal phosphor [13] used with such light guides will show a narrow emission around 800 nm and have a broad absorption spectrum extending from the UV until approximately 100 nm below the onset of the emission spectrum. We have found that phosphors based on Sm 2+ match most of these requirements. As is shown schematically in Fig. 2(b) , absorption takes place from the 4f ground state to the 5d band. The location of the bottom of the 5d band, relative to the lowest 5D level is very important for the optical properties [18] . For use in an LSC, the situation in which the bottom of the 5d band is located not too close to the lowest 5D level is most interesting. In that case, non-radiative relaxation into the 5D levels may occur ( Fig. 2(b) , dashed line), followed by line emission. In view of the forbidden character, reabsorption in the corresponding transitions is weak. This situation occurs for Sm 2+ in a SrB 4 O 7 matrix. In Fig. 2(a) , the absorption and emission spectra for this material are shown. The absorption spectrum is broad, whereas the emission spectrum consists of a main peak [19] at 685 nm and some smaller peaks extending up to 820 nm. Although the main emission line is at a somewhat shorter wavelength than preferable for an LSC (see above), this is the best phosphor system we found.
It was reported before [19] that in this system Eu 2+ needs to be introduced for appreciable absorption and emission. A possible explanation is that, without Eu, part of the Sm is present as Sm
3+
. When the europium concentration is sufficiently high, the Sm 3+ concentration is strongly reduced and only Sm 2+ emission is observed [18] . We found that good results are obtained if equal amounts of europium and samarium are used. As can be seen in Fig. 2 BO 3 , first firing this mixture first at 800 °C in air, then at 935 °C in a CO atmosphere, followed by dissolving the excess of boron oxide in water. The material was milled down to a particle size of approximately 5 µm. The absorption (excitation) and emission spectra of this material are shown in Fig. 2 , respectively. The absorption coefficient at 500 nm wavelength is approximately 300 cm −1 ; at 685 nm it is approximately 0.1 cm −1 . We measured an external quantum efficiency (for the emission range between 650 and 850 nm) of more than 90%. Xray diffraction showed no presence of other phases in this material.
Application of phosphor on light guides
For use in an LSC, the phosphor must be applied on a light guide in such a way that luminescent light does not escape by scattering. For organic dyes, quantum dots and organometallic complexes, scattering plays a minor role, since the constituent particles are smaller than the wavelength of light. Unfortunately, it is not trivial to avoid scatter for inorganic phosphors, since the constituent particles are much larger. These phosphors can be applied as particles dispersed in a binder. In general, the phosphor and the binder have different refractive indices, causing scattering of light. One way of preventing scatter is by including the phosphor as nanoparticles. However, it is not easy to produce such nanophosphors and in general their quantum efficiency is low [20] . Another way of preventing scatter is by matching the refractive index of the binder to that of the phosphor. Actually, only the scatter of luminescent light needs to be low; it is even favorable for the LSC performance to have some scatter of incident light, since that will enhance its absorption length. In Fig. 3 (a) the dispersion of the refractive index is shown for SrB 4 O 7 (solid line, where the small birefringence [22] is within the line thickness) and some suitable binders. The index of SrB 4 O 7 at the main Sm 2+ emission line of 685 nm is 1.73. Most organic binders have a low index (around 1.5). However, there exists a high-index polyimide [23] (dashed line) which has a suitable dispersion, since the index matches that of SrB 4 O 7 at 685 nm and follows it closely for the other emission wavelengths. At the absorption wavelengths (< 600 nm), the index of the binder is higher than that of SrB 4 O 7 . Another option is mixing high-index nanoparticles in a binder to enhance its refractive index. In Fig. 3(b) we show how the index of a mixture of an organic binder (polyvinylpyrrolidone) and TiO 2 nanoparticles [24] depends on its composition. To match the index of SrB 4 O 7 at 685 nm, a composition of 29 volume% TiO 2 is needed. The dispersion of this material is also shown in Fig. 3(a) (dotted line). At both lower and higher wavelengths, the index of this material is slightly less favorable than that of the polyimide.
It is not easy to make good layers of phosphor particles dispersed in a binder. All constituents should be compatible with each other and with the dispersant and it should be possible to easily apply them in a simple manner, such as by spin or blade coating. The layer should adhere to the light guide without cracking, so their thermal expansion coefficients should be similar. Moreover, the materials should be stable over time, even after prolonged irradiation by sunlight. In that respect, the combination of TiO 2 nanoparticles and an organic binder is dubious since TiO 2 is known to photocatalyze the decomposition of organic materials [25] . Finally, the binder should not absorb the incident or luminescent light. In that respect, polyimide is not very suitable as it absorbs UV and blue light. We were able to make thin layers (up to 20 µm) with reduced scatter. These layers remained stable for approximately two weeks. Since the absorption length of our phosphor is around 30 µm, thicker layers are needed to obtain sufficient absorption.
Using such a layer, which absorbs approximately 50% of incident light at 500 nm wavelength, we made a first prototype device (50 × 50 × 5 mm 3 ), using custom-made [26] silicon solar cells (50 × 5 mm 2 ). At 1 sun illumination, we measured a solar efficiency of approximately 15% that of a bare solar cell, slightly lower than that of an optimized demo containing an organic dye [27] . However, in the case of an inorganic phosphor, the nonconverted sunlight that scatters towards the solar cell contributes more than half to the efficiency. Further research is needed to optimize the performance of this LSC configuration.
Cholesteric-liquid-crystal based filters
The escape of luminescent light can be prevented by applying wavelength-selective filters on top of the light guide. There exist a number of materials that may serve as filters, such as dielectric stacks and three-dimensional photonic crystals [28] . An interesting class of filters are cholesteric liquid crystals (CLCs), which act as Bragg reflectors for circularly polarized light. These materials are attractive, since they are self-aligning and can be produced over large areas [11] . It is possible to make broad-band filters by applying a pitch gradient in the cholesteric stack, exploiting the driving forces of a UV-intensity gradient across the film thickness and the different reactivity of a (right-or left-handed) chiral monomer and a nematic monomer [29] . Polarization-independent filters can be made either by combining two filters of opposite chirality or by combining two filters with the same chirality and a halflambda wave plate [11] . Recently [12] we realised such filters aimed at reflection of luminescent radiation with a wavelength of approximately 700 nm. In Fig. 4 , the transmission spectra for various angles are shown for a filter consisting of two CLCs with opposite chirality, each having a pitch gradient from 430 to 520 nm. The results for a stack of two CLCs with the same chirality and a half-lambda wave plate in between are similar. There is good agreement between experimental results and simulations using a known method [30] to calculate the propagation of electromagnetic waves in a stack of wave plates.
The calculated angular and wavelength dependence of the reflectivity of such a filter is plotted in Fig. 5(a) . Note that the reflection band shifts to lower wavelength for larger angles of incidence according to Bragg's law, which for the low-and high-wavelength edges of the reflection band can be written as 1, 2 o, e 1,2 in cos n p λ θ = , where n o and n e are the ordinary and extraordinary refractive indices of the liquid crystal, p 1 and p 2 are the smallest and largest pitch, respectively, and θ in is the incident angle inside the filter material. This implies that, for high incident angles, the incoming sunlight will be reflected and hence be prevented from entering the light guide and from being absorbed by the luminophore. As will be shown in the next Section, this detrimental effect can be as large as the advantageous effect on the luminescent radiation. Hence, a filter which does not have this angular dependence would be desired. In principle, this is possible with a suitable wavelength dependence of the constituent materials of the filter. If, in case of a CLC, the dispersion is such that n o = n e at a certain wavelength, the reflection band will vanish at that wavelength. This is shown in Fig. 5(b) , where a material is used with dispersion as indicated in the inset. We assume that the difference between the two refractive indices decreases with decreasing wavelength and vanishes at 550 nm. Indeed, the calculation shows no reflection below this wavelength. In the next Section the effect of such filters on LSC performance will be quantified. One may wonder whether it is possible to realize such a filter in practice. Most materials exhibit a dispersion that is larger when the refractive index is larger. However, liquid crystals may have a larger dispersion [31] of n o than of n e while n e > n o . Although their properties may not be as favorable as those of Fig. 5(b) , it should be possible to realize filters with less angular dependence than that of Fig. 5(a) .
Simulation results
Simulations were performed using LightTools [32] ray-tracing software. For the light guide, we define a plate with refractive index n = 1.5 (and negligible absorption) and dimensions 100 × 100 × 2.5 mm 3 (unless stated otherwise). The luminophore is applied as a 100 µm thick coating at the bottom of the light guide. The bottom side of the coating is a perfect mirror (100% reflectivity for all angles). The top surface of the light guide may be covered by a wavelength-selective filter. The incident radiation has a Lambertian distribution, hitting the top surface from all directions. The four sides of the light guide are covered with receivers. We will consider the collection probability p of the concentrator, that is, the ratio between the number of photons collected by the receivers and the total number of incident photons. This is related to the concentration factor as c = p G, where the geometric gain G is the ratio between the area of the concentrator on which the light impinges and that of the receivers. For the chosen configuration, G = 10.
First we performed model simulations with an idealized phosphor. The absorption spectrum is approximated by a constant spectrum between 300 and 600 nm with an absorption length of 30 µm (enough to guarantee 99.9% absorption). As an approximation of the emission spectrum, we took a single emission line at 700 nm. The absorption length for the emitted radiation can be varied, as well as the QE of the phosphor. Various kinds of filters can be applied. The idealized filters have a square reflection band. For the incident spectrum, we take the solar (AM1.5G) spectrum between 300 and 600 nm. The other, non-absorbing, part of the solar spectrum has to be taken into account to calculate the total efficiency. If the photovoltaic cell is made of crystalline silicon, 30.3% of the AM1.5G solar photon flux up to the absorption edge (1100 nm) is taken into account; for GaAs (absorption edge 870 nm), this number is 41.4%. So (neglecting scattering of radiation towards the photovoltaic cells), the collection probabilities should be multiplied by these numbers to obtain the total collection probabilities. To obtain the efficiency of the total system, in good approximation the efficiency of the bare photovoltaic cell can be multiplied by this total collection probability. In Fig. 6 , the effect of a variation of reabsorption on collection probability and concentration is shown. The relative reabsorption is defined as the ratio between the absorption length for the emitted radiation and that of the incident absorbed radiation. Figure 6(a) shows results for the case of QE = 100%. Without filter, the collection probability approaches the theoretical value of (1-n −2 ) 1/2 = 75% (for n = 1.5) at small reabsorption and decreases with increasing reabsorption. With filter, the collection probability does not depend on reabsorption, but is constant at 89% for a filter with normal dispersion (as in Fig. 5(a) , inset) that reflects the luminescent light above 680 nm. The source of the missing 11% is the part of the incident solar spectrum that is blocked by the filter at high angles. With special dispersion (like in Fig. 5(b), inset) , the sunlight is not blocked and 100% collection probability is reached. In addition, data for filters with 90% reflectivity are shown (dashed lines), in which the collection probability is reduced. The reason that the collection probability decreases with increasing reabsorption is as follows: for large reabsorption, there will be a correspondingly large amount of reemitted radiation (if QE = 100%) but not all reemitted radiation will be reflected back if the reflectivity of the filter is below 100%. In the cases that QE is smaller than 100%, Fig. 6(b) , both with and without filter, the collection probability decreases with increasing reabsorption. Note that, in the case of small to medium reabsorption, the use of a realistic filter (90% reflectivity) with normal dispersion gives no improvement of the collection probability. Only filters with special dispersion and/or a very high reflectivity will help in this case. If reabsorption is relatively high, less perfect filters are beneficial, but the attainable concentration is even lower.
Next, we consider the effect of scattering by the phosphor, present as phosphor particles in a binder. In the simulations, it is assumed that the scattering can be described by Mie theory [32] . We assume that the phosphor particles have a refractive index of 1.7, a diameter of 5 µm and that the density is 30 volume% (corresponding to 4.6 × 10 6 particles mm −3 ). The results for the collection probability as a function of the difference in refractive index with the binder are shown in Fig. 7 . Without luminescence (dotted line), the situation is as in Fig. 1(a) : the concentration factor is low and increases with (absolute) difference in refractive index. With luminescence, the maximum concentration is reached for zero refractive-index difference. It is even higher than in Fig. 6 , because guiding in the layer with index 1.7 is possible at higher angles than with index 1.5. The performance decreases with increasing (absolute) refractiveindex difference, but a difference of a few hundredths still results in acceptable gains. The effect of filters is similar to the results seen in Fig. 6 . With filter, a higher refractive-index difference still leads to acceptable results. Also the effect of a QE smaller than 100%, Fig. 7(b) , is similar to that discussed above, Fig. 6(b) . Furthermore, we investigate the effect of changing the size of the concentrator and hence the geometric gain G. We do this by varying the length of the concentrator plate from 10 mm to 10 m, while keeping the width equal to the length but maintaining the thickness at the value 2.5 mm. The phosphor layer consists of phosphor particles with refractive index 1.7 in a binder, for which we consider the cases with refractive index n binder = 1.7 and n binder = 1.68. The relative reabsorption is taken 0.0002. Figure 8 shows the results of the collection probability p, the concentration factor C = pG, as well as the relative performance r. Here we define the performance relative to that of a bare solar cell as the concentration per relative unit of costs r = C/$. The relative costs can be written as $ = 1 + aG, where a is the ratio between the costs per unit area of the light guide (including phosphor, mirrors and so on) and those of the solar cell. A reasonable number for a cost ratio is a = 0.10, for an LSC without a filter. The performance initially increases with geometric gain, but for larger geometric gains it then decreases. In case of an index-matching phosphor, Fig. 8(a) , where both scattering and reabsorption are small, the decrease occurs for large values of G. In the non-matching case, Fig. 8(b) , the relative performance reaches a maximum value close to 3 for G about 20. The behavior for a non-scattering phosphor with reabsorption is qualitatively similar. We also show data for the case with the filter with normal dispersion (for the filter with special dispersion, the values are approximately 12% higher), where we assume a cost ratio a = 0.15 for an LSC with cholesteric filter. It can be concluded that filters help to improve the performance in cases of significant scattering and/or reabsorption.
As was mentioned above, in these simulations only the incident solar spectrum up to 600 nm was taken into account. This implies that the calculated values for the collection probabilities, and hence also those for the concentration factor and relative performance, should be multiplied with a factor 0.303 for Si and 0.414 for GaAs-based solar cells. In fact, the calculated performance is relative to that using the same part of the spectrum (up to 600 nm) for the bare solar cells. Hence a combination of luminescent materials covering a larger part of the solar spectrum should be used to be more cost effective.
Finally, we performed simulations for a more realistic material, using the measured absorption and emission spectra for the Sm 2+ -based phosphor (see Section 2) and QE = 90%. The particle size and density are the same as described above. For the refractive index of the phosphor, we use that of SrB 4 O 7 ( Fig. 3(a), solid line) ; for the binder that of high-index polyimide ( Fig. 3(a) , dashed line). With this combination, the luminescent light will hardly scatter, whereas the path length of the incident sunlight in the phosphor is somewhat enhanced. For the light guide we take n = 1.59 (polycarbonate). As for the filters, we investigated both cases of Fig. 5 . We found that the collection probability without filter is p = 65%; with the normal filter of Fig. 5(a) it is p = 62%; with the special filter of Fig. 5(b) it is p = 70%. These results are similar to those of Fig. 7 . The values are slightly lower than in Fig. 7(b) , mainly because not all sunlight is absorbed in the absorption tail between 570 and 600 nm (again the solar spectrum up to 600 nm is used). Also in this case, a filter with special dispersion is needed to enhance the performance of the luminescent concentrator.
Discussion and conclusion
Luminescent solar concentrators have good prospects to provide inexpensive photovoltaic energy and, since they are made of colored sheets of material, they can be attractive objects to integrate in a built environment or consumer appliances. However, to make them work effectively, further improvements are required. First, luminescent materials are needed with high absorption, little reabsorption and high quantum efficiency. Our Sm 2+ -based phosphor, with a relatively broad absorption spectrum and main emission peaks around 700 nm, fulfills most of these requirements. The problem with inorganic phosphors with particle size in the micrometer range is that they scatter the emitted light. In principle it is possible to solve this by using a refractive-index-matching binder, but it is still a challenge to make stable layers that absorb enough radiation and that do not scatter. The best prospects for high-index binders are for those based on stabilized nanoparticles [33] . The problem of escape by scattering, or by reabsorption followed by reemission, can be mitigated by the use of wavelength-selective filters. However, with normal filters, sunlight incident at high angles will be blocked because of the angular dependence of the reflection wavelength. This could be avoided by the use of special filters in which the reflection vanishes at short wavelengths as the result of negative birefringence dispersion. Simulations show that a significant fraction of the absorbed photons can be converted to luminescent photons that reach the photovoltaic cells. A main challenge is absorbing a significant portion of the solar spectrum. Although the proposed Sm 2+ -based phosphor is better than other proposed materials, its absorption spectrum only covers 30% of the solar spectrum available for absorption by silicon solar cells (41% for GaAs). To realize the promises of the luminescent solar concentrator, a combination of luminescent materials covering larger fractions of the solar spectrum is required, together with the mentioned measures to avoid scatter, reabsorption and escape.
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